Accurate and simple local strain assessment in graphene is one of the crucial tasks in device characterization. Raman spectroscopy is often used for that purpose through monitoring of the G and 2D modes. However, the shifts of those two bands might be biased, especially under uniaxial strain, by the effects of charge-transfer doping. Therefore, it is extremely desirable to use another Raman band, less affected by doping, but with a defined and measurable behavior under strain.
INTRODUCTION
The ubiquity of strain in graphene 1 necessitates a continuous development of methods for its monitoring and correct assessment. On one hand, strain can be used to intentionally manipulate the electronic structure of graphene (the so-called strain engineering) to further boost the range of possible applications of this unique material, [2] [3] [4] on the other hand, strain fluctuations are a known cause for disorder in graphene devices. [5] [6] [7] For both reasons, the ability to control and quantify the strain in graphene and graphene-based devices is utterly essential.
Raman spectroscopy is undoubtedly the method of choice when it comes to a rapid, nondestructive, and versatile characterization of graphene samples, capable of delivering not only basic information about the number of layers or quality of the specimens, but also about the levels of charge-transfer doping or strain. [8] [9] However, in spite of a great progress of Raman methodology and analysis of the acquired data, there are still ambiguities regarding the quantification of doping and strain, especially when these effects mingle. Several attempts to disentangle doping and biaxial strain from the Raman spectra have been reported, using the correlation of the G and 2D band frequencies (ωG and ω2D, respectively). [10] [11] [12] [13] While such an into the play, the usability of the widths and intensities of both G and 2D bands as well as the Raman shift of the 2D band becomes at least questionable, if not erroneous.
The G band corresponds to a first order Raman scattering process with a phonon of almost zero momentum. It is associated with the in-plane, doubly degenerate phonon from the transverse optical (TO) and longitudinal optical (LO) branches with E2g symmetry at the Brillouin zone center (Γ point).
14 Both frequency and width of the G mode are strongly influenced by doping [15] [16] and stress. 1, 17 The increase of ωG in both electron-and hole-doped graphene is caused by a non-adiabatic removal of the Kohn anomaly at Γ point, 18 and the simultaneous decrease of ΓG is caused by the Pauli blocking of phonon decay into electron-hole pairs. In general, mechanical stress causes G band downshift under tension and upshift under compression with a rate of 57 cm -1 /% for biaxial strain. 1 Under uniaxial strain the G bands splits into two components, G -and G + , with the shift rates of ~ -31 and -10 cm -1 /%, respectively, for graphene on polymer substrates, [19] [20] or ~ -37 and -19 cm -1 /%, resp., for suspended graphene. 21 The 2D mode originates from a second-order triple resonant process between non-equivalent K points in the Brillouin zone of graphene, involving two zone-boundary, TO-derived phonons with opposite momenta q and -q. [22] [23] Several theoretical and experimental works 22, [24] [25] [26] [27] [28] address various aspects of the origin and properties of this intense and dispersive line, yet there are still several debatable issues. One of the crucial topics arises from the non-trivial shape of the 2D band in suspended graphene, 29 which is even more pronounced in strained samples. 27, [30] [31] [32] In a simplified one-dimensional portrayal of the 2D mode origin there are two dominant directions of the contributing phonon wavevectors -along K-Γ (so called inner) or K-M (outer) symmetry lines in a k-space. Recent studies point to a greater contribution of the inner processes. 22, [30] [31] 33 Nevertheless, recently, a full two-dimensional description of the electronic bands, phonon dispersion and matrix elements 22 was shown, in which the notation of inner or outer phonons is of a weaker relevance. 27 The 2D mode is dispersive, and its frequency changes with the excitation energy (EL ) with the slope ∂ω2D/∂EL ~ 100 cm -1 eV -1 . 9 The 2D band is also sensitive to doping and mechanical stress but these effects manifest themselves differently from those of the G band. 1 Strain causes the 2D band shift in the same directions as the G band, with the shift rates for biaxial strain larger by a factor of ~ 2.2-2.5. [34] [35] Broadening and splitting of the 2D band under uniaxial strain is very different to that of the G band, 30 but no such effects are observed for biaxial deformation. 35 Doping causes increase of ω2D for hole doping with a ∂ω2D/∂ωG ~ 0.5-0.7, 10, 15, 36 whereas electron doping causes only a negligible ω2D change for |n| ≤ 2 × 10 13 cm
followed by a non-linear ω2D decrease for higher n-doping levels. 15, 36 Γ2D increases and I2D
decreases upon both p-and n-doping mainly due to electron-electron interactions, and also electron-phonon coupling strength. 22, 37 In essence, the G band provides an acceptable measure of the uniaxial strain through the splitting into G + and G -components (at higher strain levels), but their Raman shifts may be swayed by doping, whereas the 2D band can serve well to determine smaller strain levels as it is not very influenced by doping. On the other hand, the usability of the 2D band at higher uniaxial strain levels is low due to the very complicated nature of its splitting. Therefore, it is highly desirable to find another feature in the Raman spectra, preferably more sensitive -in terms of frequency -to strain than to charge transfer, and in the same time, with a more defined response to uniaxial strain than the 2D mode. A promising candidate was proposed recently by Narula and Here, we analyze the behavior of the Raman G, 2D and 2D' modes in uniaxially strained graphene on different substrates, with different adhesion levels, using lasers in a broad range of visible-light wavelengths for the excitation, to confirm the predicted theoretical behavior of the 2D' mode and thus its applicability to quantify strain in the system.
EXPERIMENTAL METHODS
The graphene samples were prepared by mechanical cleavage from Kish graphite and deposited on a clean and flexible polymethylmethacrylate (PMMA) substrate, previously spin coated with different polymers, SU8 photoresist (SU8 2000.5, MicroChem), PMMA (3% in anisole, MicroChem) and polycarbonate (PC) (3% in cyclopentanone, Sigma Aldrich). Single layer graphene flakes larger than 10 μm long (along the strain direction) were selected using an optical microscope. The samples were soft-cured at 80 o C for 3 hours, and exposed to UV radiation (366 nm, 30 seconds) in the case of SU8. After curing the base polymer, some of the SU8 samples were covered with PMMA (1% in anisole), in order to improve the strain transfer efficiency from the flexible substrate to the graphene flake. Further in text, the uncovered samples are denoted as simply supported and the covered ones as fully supported. Tensile strain in the graphene was imposed through cantilever beam bending experiments, where the nominal measured strain on the flake (εm) was obtained from the expression:
where t is the thickness of the substrate (3 mm), δ is the deflection of the bar, L is the distance from the clamp to the deflection point (60 mm) and x is the distance from the clamp to the flake position. RESULTS AND DISCUSSION Figure 1 shows an example of the evolution of Raman spectra of a monolayer graphene flake simply supported (i.e., not covered by an additional polymer layer) on a PC layer spincoated onto a PMMA bar under uniaxial tension. As can be seen, all the graphene's bands redshift, as expected, 1, 20 and all of them split into at least two components. While the analysis of the splitting of the G band into G -and G + is quite straightforward and can be used to determine the locally imposed strain level (see below), the splitting of the 2D band into two components is only apparent 27, 30 and thus it might be questionable to utilize it for the quantification of higher strain levels. 
(
where εll and εtt are strain components parallel (longitudinal) and transverse to the strain axis, γG and βG are the G mode's Grüneisen parameter and shear deformation, respectively, and ν is ∂~ -18.6 cm-1/% for free graphene. 20 These values have been experimentally confirmed recently. 21 The ratio between the shift rates drops below 2 in this case. Given the range of ratios measured in our experiments on simply supported samples (~ 2-2.5) combined with the lower absolute shift rates, it is thus reasonable to assume that the smaller stress transfer in the uncovered samples is also accompanied by a change in the governing Poisson ratio from the polymer's to graphene's, on a sub-microscopic scale, originated in non-adhering portions of the flakes. In that case, one cannot obtain the stress transfer efficiency (η) by simply comparing the measured shift rates to the referenced values of -31 and -10 cm -1 /%, 20 but the maximum shift rates have to be recalculated using the particular νm obtained experimentally, using the ratio between the shift rates for εm:
For each particular νm the maximum theoretical shift rate can be calculated from equation (2) and the stress transfer efficiency η calculated as the ratio between the measured and theoretical shift rates. Finally, for each measured nominal strain, at which a Raman spectrum was acquired, one can obtain the efficient strain eff m ε ηε = . In Figure 1 , the values of εeff are already given.
The 2D' band redshifts too and can be fitted by two Lorentzian components, as predicted by Narula and Reich. 38 Figure 1b shows the enlarged 2D' band region from Figure 1a respectively. For 2D', the shift rates in Figure 2 are -63.2 ± 1.9 and -42.7 ± 2.6 cm -1 /%. As can be seen, the larger spread of the 2D' values corresponds to its larger frequency; but given its approximately twice larger strain sensitivity, the precision of thus derived strain would be equal to the strain derived from the G sub-band's shifts. The larger spread of the fitted data for 2D' is mostly due to its lower intensity. The frequency shift of the 2D' mode with uniaxial strain can be expressed in analogy with the G + band, as they both are associated with the LO phonon at Γ, cf. equation (1):
The response of the 2D' band is highly sensitive to the orientation of the crystal lattice with respect to the strain axis (φ) and to the directions of the incident and scattered light polarization (θin and θout, respectively), owing to the fluctuations of β2D' for various φ: θin: θout combinations. 38 The largest difference between the calculated frequencies of 2D' band maxima is achieved when θin = θout, i.e., in parallel polarization configuration, and φ changes from 0 to 90°, i.e. from the zigzag to armchair edge oriented along the strain direction. However, as can be seen in the example in Figure 1 and 2, not employing the analyzer leads to a 2D' shape, which envelops the response of phonons scattered at all polarization angles. Consequently, fitting this convoluted shape with two Lorentzian components provides the frequencies matching the 2D' band at the minimum and maximum shift under the extreme polarization conditions. In the example in Figure 2 ( Unfortunately, the presence of the λ/2 waveplate and the analyzer, which take up a considerable amount of transmitted light, results in a much lower signal-to-noise ratio of the spectra. This, combined with the low sensitivity in the 2D' region of standard CCD cameras optimized for visible wavelengths, and the necessity to keep the laser power and/or exposure time at a level that does not damage the heat-sensitive polymer, makes the precision of such measurements drop to a degree similar to the above described procedure without the analyzer (and the λ/2 waveplate).
In order to test the robustness of the strain quantification through the difference both between the 2D' bands under the different polarization conditions, and between the two components, when all scattered polarizations are allowed (as the precisions of the two methods are alike), we measured a broad set of samples on different substrates (SU8, PMMA, PC), both covered or 
